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Abstract
Tagging the 2.2 MeV gamma released from a neutron capture on hydrogen can provide an eﬀective tool in identifying
low-energy electron anti-neutrinos, and can thus reduce the background in supernova relic neutrino searches. With 960
days data at Super-Kamiokande-IV applying this new technique, no signiﬁcant signals are found in the energy range
13.3 MeV < Eν¯e < 31.3 MeV. A diﬀerential ﬂux upper limit is calculated with no model dependence assumed.
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1. Introduction
Supernova relic neutrinos(SRN) from all past core-collapse supernova can carry the information of su-
pernova dynamics and the universe evolution. The SRN are widely studied in various models[1, 2, 3, 4, 5,
6, 7, 8, 9, 10]. The corresponding SRN ﬂux and spectra are shown in Fig.1. Therefore, the detection of the
SRN is of importance in providing a crucial test for these models. However, no SRN have been detected
yet. The world’s best integrated ﬂux limit is given by Super-Kamiokande (SK) above 17.3 MeV[11]. SK is
a large water Cherenkov detector, which contains 50-kton pure water, and is optically divided by two parts,
an inner detector (ID) and an outer detector (OD). The ID is viewed by ∼11,000 50-cm diameter inward
photomultiplier tubes (PMTs), while the OD is viewed by ∼1,900 20-cm diameter outward PMTs used to
tag charged particles coming in from outside the detector. More information about the SK detector can be
found in Ref[12]. The SRN are detected via the inverse-beta-decay (IBD) reaction ν¯e p → e+n at SK. The
previous search for the SRN at SK lacked the method of neutron tagging, thus, the detection of the SRN was
limited by background and the oﬄine energy threshold. Neutron tagging enables an identiﬁcation of the
IBD reaction, thus providing an eﬀective way to both suppress background without neutrons and lower the
oﬄine energy threshold to detect the SRN. Two approaches are proposed to detect the neutron signals: one
is to add a water-soluble gadolinium chemical compound[13], producing an 8 MeV gamma cascade due to
neutron capture on gadolinium which can pass the normal SK trigger threshold (∼ 4 MeV); the other one is
to implement a forced trigger [14] to detect the 2.2 MeV gamma emitted from neutron capture on a proton.
This work focuses on the SRN search with the 2.2 MeV gamma tagging.
Email address: yangzhangtsu@gmail.com (Yang Zhang, for Super-Kamiokande Collaboration)
 Yang Zhang /  Physics Procedia  61 ( 2015 )  384 – 391 385
Fig. 1. The ν¯e ﬂux as a function of neutrino energy for diﬀerent theoretical SRN models.
2. 2.2 MeV gamma tagging
SK upgraded the front-end electronics and online data acquisition system in 2008 (refer to SK-IV here-
after). A forced trigger was introduced to detect the 2.2 MeV gamma, issued with a time window of 500
μs, without any threshold, after a primary trigger. A schematic view of the forced trigger is shown in Fig. 2.
0∼2 μs after the PMT hits of a positron is not used for analysis due to reﬂections. A 2.2 MeV gamma has
only ∼8 coincidence PMT hits on average. Thus to reconstruct the 2.2 MeV gamma independently from the
∼60 MHz (∼6 kHz/PMT×11,000 PMTs) PMT noise and radioactivities is very challenge. The mean free
path length of a thermal neutron in pure water is ∼50 cm, which is almost same as the vertex resolution
of a prompt positron of ∼ 15 MeV. As an approximation, the 2.2 MeV gamma is assumed to share a com-
mon vertex with the reconstructed vertex of the prompt e+ signal. The time-of-ﬂight (TOF) of a Cherenkov
photon from the capture place to the hit PMT is calculated using the reconstructed vertex of the prompt e+
signal, where the photons are from Cherenkov radiation of a Compton electron scattered by the 2.2 MeV
gamma. With the TOF subtracted, all the timings of PMT hits for a real signal cluster in a width of ∼ 10
ns, due to a 3 ns PMT timing resolution. Background, such as PMT noise, radioactivities in the surround-
ing rock and radon contamination have wider TOF subtracted timing distribution, as they do not originate
from the reconstructed vertex. The number of PMT hits in a sliding time window of 10 ns (N10) is used to
diﬀerentiate the signal and the background as the ﬁrst step. For studies, the signal coming from 2.2 MeV
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Fig. 2. A schematic view of the forced trigger. HITSUM is the number of PMT hits within 200 ns. A primary trigger also refers to as
a super-high-energy (SHE) trigger. An forced trigger also refers to as an AFT trigger.
Table 1. The signal (2.2 MeV γMC simulation) eﬃciency and the accidental background probability after each reduction.
Cuts Bkg Prob. (%) Eﬃciency (%)
N10 > 7 100 30.19±0.04
N10−Ncluster > 5 25.48±0.04 28.27±0.04
N10−Nback > 6 21.13±0.04 26.78±0.04
N10−Nlow > 4 4.14±0.02 19.11±0.04
Likelihood ratio > 0.35 1.06±0.01 17.74±0.04
gamma Monte Carlo (MC) simulated events uniformly distributed in the tank and the background coming
from random trigger data are used. Most background occupy the lower part of the N10 distribution, while
the signal peaks around 6. N10 is required to be greater than 7 to remove the majority of the background, as
shown in Fig. 3. Other variables to further select the signal are N10-Ncluster, N10−Nback and N10−Nlow
as shown in Fig. 3. A likelihood ratio based on N300−N10, φrms, Trms and θmean is shown in Fig. 4 (left
panel). The deﬁnition of the variables can be found in Ref[15].
The signal eﬃciency and the background probability are deﬁned to be the number of remaining timing
peaks dividing by the number of prompt signals. Table.1 lists the signal eﬃciency and the background
probability after each reduction step. After all the cuts have been applied, the neutron tagging eﬃciency and
the background probability are ∼18% and ∼1% in each 533 μs. The vertex resolution can at most relatively
change the signal eﬃciency by 2.5% , with almost no inﬂuence to the background probability. To see the
spatial uniformity of the signal eﬃciency and the background probability, the SK tank is divided into 110
cells, with the signal eﬃciency and the background probability calculated for each cell. A spatial variation
of the signal eﬃciency (5.2% relative) and the background probability (16.8% relative) are assumed as the
systematic uncertainty of the signal eﬃciency and the background probability, respectively. Therefore, the
signal eﬃciency and the background probability are (17.74 ± 0.04stat. ± 1.05sys.)% and (1.06 ± 0.01stat. ±
0.18sys.)%, respectively.
3. Verifying the 2.2 MeV γ tagging with Am/Be source data
To validate the 2.2 MeV gamma tagging eﬃciency, an experimental apparatus using an Am/Be source
was deployed into the SK tank. More description of the experimental apparatus can be found in Ref[16]. To
detect the delayed 2.2 MeV gamma signal more eﬃciently, the forced trigger was temporally enlarged to 800
μs. Data with a 10 Hz random trigger were also taken to study source-related and accidental background.
The source was deployed at three diﬀerent places to study the 2.2 MeV gamma tagging eﬃciency with
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Fig. 3. Distribution of N10 (a), N10-Ncluster (b), N10−Nback (c), N10−Nlow (d). The black line is for the 2.2 MeV γ MC simulated
events(signal) and the red line is for the random trigger data(background).
position dependence: at the center of the tank (source A), close to the top (source B), and close to the barrel
wall (source C). A ΔT distribution of the delayed signal (source A for example) is plotted in Fig.4 (right
panel), which is ﬁtted by an exponential plus a constant function. The combined ﬁtted lifetime of neutron
capture on water is (205.0± 2.9) μs, which is in good agreement with Ref[17], within statistical uncertainty.
The 2.2 MeV gamma tagging eﬃciency is (17.5±0.2) in 533 μs, which agrees well with that from the 2.2
MeV gamma MC simulation.
4. Data reduction and analysis
After the validation of the neutron tagging technique, the technique was applied to the SRN search. Both
the prompt e+ and the delayed 2.2 MeV gamma signals are required to search for the SRN. For the prompt
e+ signal, a series of reductions are applied to remove spallation background induced by cosmic-ray muons,
solar neutrino events, radioactivities etc. These reduction steps can be found in Ref[11]. However, there are
some diﬀerences: the reconstructed Cherenkov angle is now required to be in the range of 38◦ ∼ 50◦, and the
solar angle cut of [11] is replaced by requiring that the cosine of the angle between the reconstructed positron
candidate direction and the solar direction (the solar position to the reconstructed vertex) must be less than
0.9, for energies below 16 MeV. The number of e+ candidate events remaining after each reduction step
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Fig. 4. Left panel: likelihood distribution for the 2.2 MeV γ MC simulated events (signal) (blue) and the random trigger data
(background) (red). Right panel: ΔT distribution for the Am/Be source events. The points represent the data, the curve represents the
ﬁt result. The shaded histogram indicates the expected background. Errors are statistical only.
Table 2. The number of the prompt events and the corresponding eﬃciency (LMA model) after each reduction with the neutrino energy
ranging from 13.3 to 31.3 MeV. Errors are statistical only.
Cuts Ne+ e (%)
First reduction 49288 99.22±0.04
Spallation cut 2417 86.02±0.18
External event cut 2148 82.36±0.19
Solar cut 1649 81.54±0.20
Cherenkov angle cut 996 75.17±0.22
Pre/post activity cut 959 75.06±0.22
πlike cut 948 74.32±0.22
Multi-ring cut 943 73.64±0.22
μ/π cut 942 73.14±0.23
and the eﬃciency from the MC simulation (LMA model) are listed in Table.2. The systematic uncertainty
of the prompt e+ selection eﬃciency is estimated to be ∼3.3%, mainly comes from the uncertainty in the
IBD cross section (1.0%) and the data reduction (3.1%), which are added in quadrature. The IBD detection
eﬃciency is (13.0 ± 0.8)% combining the prompt e+ selection eﬃciency and the delayed 2.2 MeV gamma
selection eﬃciency. After the prompt events selection, the 2.2 MeV gamma tagging is applied to search
for the neutron signal following the prompt e+ signal. A spectrum of the ﬁnal data sample with 960-day
livetime is shown in Fig.5. The ΔT plot embedded does not show a signiﬁcant exponential distribution,
and the observed 13 IBD candidates have no signiﬁcant excess compared to a 10 ± 1.7 estimated accidental
background. The neutrons coming the from sideband data are also studied by changing the Cherenkov
angle. Events with the Cherenkov angle lower than 38◦ are mainly from μ/π events, while events with the
Cherenkov angle bigger than 50◦ are mainly from atmospheric neutral current (NC) events. An exponential
ΔT distribution is observed in these sideband data. No leakage of the sideband data to the signal area is
observed. Thus, no clear SRN signal is found.
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Fig. 5. A spectrum of the ﬁnal data sample. The points represent the data, the histogram represents the expected accidental background.
The insert shows the timing distribution for the delayed candidates. The bottom of the ﬁgure shows the IBD detection eﬃciency for
each energy bin. Errors are statistical only.
5. Flux upper limit calculation
In absence of a signiﬁcant signal, the Rolke method[18] is used to calculate a model-independent ν¯e
diﬀerential ﬂux upper limit with the number of observed events and expected number of background events
in one MeV energy bins. The ﬂux upper limit at the 90% C.L is calculated by
φ90 =
N90
T · Np · σ¯ (1)
where N90 is the upper limit at the 90% C.L. in each energy bin taking into account the IBD eﬃciency
correction, T is the live time in seconds, Np is the number of free protons, and σ¯ is the average cross section
for the IBD reaction at the center of each energy bin. The diﬀerential ﬂux upper limits for the SRN ν¯e
in the energy range of 13.3∼31.3 MeV is shown in Fig.6. The limits from KamLAND[19] and the SK-
I/II/III[11] SRN search without neutron tagging are also shown for comparison. The SK-IV results are more
stringent than the Kamland’s result above 15.3 MeV due to the much larger target mass, while the much
looser results above 17.3 MeV, compared to the SK-I/II/III results, are due to the much lower IBD eﬃciency
and the shorter live time. However, the SK-I/II/III analysis is spallation background limited, and cannot be
extracted below 17.3 MeV.
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Fig. 6. 90% C.L. diﬀerential upper limits on the SRN ν¯e for SK-IV with no model dependence (red line with solid circle). Results from
KamLAND (black line with open rectangle)[19] and SK-I/II/III (blue line with triangle) are also shown for comparison.
6. Summary and outlook
In summary, the energy threshold to search for the SRN is lowered to 13.3 MeV from 17.3 MeV using
the 2.2 MeV gamma tagging method. However, still no signiﬁcant SRN signals are found. Access to the
lower energy region and the lower background is required to search the SRN in the future.
7. Acknowledgment
The author wishes to acknowledge the organizing committee for the wide disscussion. This presentation
was supported by the National Natural Science Foundation of China (Grants No.11235006).
References
[1] T.Totani and K.Sato, Astropart. Phys. 3, 367 (1995).
[2] T.Totani, K.Sato and Y.Yoshii, Astrophys. J. 460, 303 (1996).
[3] R.A.Malaney, Astropart. Phys. 7, 125 (1997).
[4] D.H.Hartmann and S.E.Woosley, Astropart. Phys. 7, 137 (1997).
[5] M.Kaplinghat, G.Steigman and T.P.Walker, Phys. Rev. D 62, 043001 (2000).
 Yang Zhang /  Physics Procedia  61 ( 2015 )  384 – 391 391
[6] L.Strigari, M.Kaplinghat, G.Steigman and T.Walker, JCAP, 0403:007 (2004).
[7] S.Ando, K.Sato and T.Totani, Astropart. Phys. 18, 307 (2003).
[8] M.Fukugita and M.Kawasaki, Mon.Not.Roy.Astron.Soc. 340, L7 (2003).
[9] A.M.Hopkins and J.F.Beacom, Astrophys.J. 651, 142 (2006).
[10] S.Horiuchi, J.F.Beacom and E.Dwek, Phys. Rev. D 79, 083013 (2009).
[11] K.Bays et al. (Super-Kamiokande Collaboration), Phys. Rev. D 85, 052007 (2012).
[12] Y. Fukuda et al., Nucl.Instrum.Meth.A501, 418(2003).
[13] J.F.Beacom and M.R.Vagins, Phys. Rev. Lett., 2004, 93: 171101.
[14] S.Chen and Z.Deng, Nucl. Phys. B Proc. Suppl., 2007, 166: 252.
[15] H.Zhang et al. (Super-Kamiokande Collaboration) arXiv:1311.3738
[16] H.Watanabe et al., Astropart. Phys., 2009, 31: 320.
[17] D. Cokinos and E. Melkonian, PRC, volume 15,number 5,1977
[18] W.A.Rolke, A.M.Lopez and J.Conrad, Nucl.Instrum.Meth. A551 (2005) 493-503.
[19] A.Gando et al. (KamLAND Collaboration), Astrophys.J. 745(2012)193.
